A Mg2e-dependent, cation-stimulated ATPase was associated with plasma membranes isolated from corn leaf mesophyli protoplasts. Potassium was the preferred monovalent cation for stimulating the ATPase above the Mg2e-activated level. The enzyme was substrate-specific for ATP, was inhibited by N,N'-dicyclohexylcarbodiimide, diethylstilbestrol, p-chloromercuribenzoate, and orthovanadate, but was insensitive to oligomycin or sodium azide. A Km of0.28 millimolar Mg2e-ATP was determined for the K+-ATPase, and the principal effect of potassium was on the V.,, for ATP hydrolysis. Since potassium stimulation was not saturated at high concentrations, a nonspecific role was proposed for potassium stimulation. A nonspecific phosphatase was also found to be associated with corn leaf plasma membranes. However, it could not be determined positively whether this activity represented a separate enzyme.
In a previous study (25) , protoplasts derived from young corn leaves were used effectively for plasma membrane isolation. The identity of the plasma membrane was confirmed by external labeling of protoplasts and the purity of the isolated membranes was established by marker enzyme analysis. Sucrose density gradient centrifugation indicated that the membranes equilibrated in the buoyant density range described for other plant plasma membrane fractions (1.14-1.17) (6, 15, 19, 20, 23) , and that the plasma membranes were distinct from major organelle membranes.
A Mg2e-dependent, cation-stimulated ATPase with a pH optimum of 6.5 was found to be associated with the plasma membrane and did not reflect contamination by the mitochondrial membrane-bound ATPase. This finding was not unexpected, since a monovalent cation-stimulated ATPase has been found to be associated with plasma membrane-enriched fractions from numerous plant tissues (6, 13, 15, 19, 20, 23, 29) . Although the exclusive association of this enzyme with the plasma membrane has been questioned (12, 23, 27) , it was proposed that the cation-stimulated ATPase is a basic constituent of corn leaf plasma membranes. However, unlike the plasma membrane-bound Na+, K+ zyme was best used as a qualitative marker. This was due to the low specific activity of the cation-stimulated ATPase relative to other intracellular ATPases (i.e. coupling factor enzymes) and soluble phosphatases (acid and alkaline). The more potent enzymes tended to obscure the presence of the plasma membrane enzyme.
The present study provides a detailed characterization of the corn leaf plasma membrane ATPase activity and demonstrates that its biochemical properties are analogous to other well-characterized plant plasma membrane enzymes (9, (18) (19) (20) 23 ). This analysis is intended to provide additional evidence for the cationstimulated ATPase as a qualitative plasma membrane marker.
MATERIALS AND METHODS
Plasma Membrane Isolation. Zea mays L., cv. Golden Bantam, was used for all plasma membrane isolations. The youngest fully expanded leaves from 12-to 14-day-old plants were used for the production of plant protoplasts. The leaves were prepared for enzymic digestion by gentle abrasion of the cuticle with carborundum powder (320 grit) and protoplasts were liberated as previously described (25) .
The procedure of Perlin and Spanswick (25) was used for the isolation ofplasma membranes from purified corn leafprotoplasts. A suspension of mesophyll protoplasts in a medium containing 0.6 M sorbitol, 60 mm Tris-Mes (pH 8.0), and 0.5 mM MgSO4 was added to an equal volume of 4 mm Na2EDTA and 6 mm DTT.
The protoplasts were allowed to swell for 5 main and lysis was achieved by 6 to 10 gentle passes of a Teflon plunger in a glass and Teflon hand-held homogenizer. The lysate was layered on a 35% (w/w) sucrose pad and centrifuged at 10,000g for 10 min. The supernatant fraction was then layered on a discontinuous sucrose gradient (31 and 38% w/w sucrose) and centrifuged at 80,000g for 1 h. The interface (31/38) was removed with a pasteur pipette, diluted in 0.25 M sucrose and 10 mm Tris-Mes (pH 7.0), and pelleted at 80,000g. The pellet was resuspended and assayed.
ATPase Assays. ATPase and phosphatase activity was determined by assaying the release of Pi from nucleoside di-and triphosphates (Tris-salt, unless indicated otherwise). A colorimetric assay, utilizing the formation of a phosphomolybdate complex and subsequent reduction by ascorbate was used to quantify the released Pi. The basic reaction mixture consisted of 0.5 ml of 3 mm Tris-ATP, 3 mM MgSO4, and 30 mm Tris-Mes (pH 6.5). Approximately 15 to 30 ,ug of membrane protein was added to the reaction mixture in an ice bath. The reaction was initiated by transfer to a 37 C water bath for 15 min. The assay was terminated by placing the samples on ice and adding 1 ml of a combined stopping and developing reagent, as described by Ames (1). The reagent was prepared fresh each day by combining 10 ml of 10%o ascorbate with 50 ml of 0.42% ammonium molybdate in 1 N H2SO4. The color was developed at room temperature for 30 min and A at 820 521 nm was measured.
Protein. Protein determinations were made using a modified Lowry procedure which optimized the quantification of membrane proteins (21) .
RESULTS AND DISCUSSION
The cation-stimulated ATPase from corn leaf plasma membranes was stimulated above the Mg2+-activated level by monovalent cations (Table I) . K+ gave greater stimulation than the other cations tested: ammonium, rubidium, sodium, cesium, choline, and lithium (listed in descending order of stimulation). The stimulation of this enzyme was definitely due to the presence of cations, since anions had very little effect on the absolute stimulation (Table II) . The cation stimulation was consistent with results obtained for plasma membrane ATPases from corn roots (9, 19) , tobacco mesophyll (20) , barley roots (23) , and oat roots (18) . KI, a chaotropic agent, was the only salt to inhibit the K+-stimulated response. This was probably due to the denaturing effects of this compound.
The activity expressed for the K+-stimulated ATPase was broken down into two main components: a K+-stimulated component (the difference in activity obtained in the presence and absence of K+), and an expression of total activity (the enzyme activity obtained in the presence of Mg2+ and K+). This distinction was necessary for assessing the importance of cation stimulation (i.e. whether the cation stimulation reflected a significant property of the plasma membrane ATPase activity).
A strict divalent cation requirement was demonstrated for both the total enzyme activity and the K+-stimulated component (Table  III) . Mg2+ was preferred over all other divalent cations for activating the total enzyme activity; cobalt was as effective as Mg2+ for activating the K+-stimulated component (Table III) . Calcium was ineffective in the activation of either component, and usually slightly inhibited the total activity. This inactivating effect of calcium has been well established for the oat (18) and corn root (19) enzymes. The activation of ATPase activity observed with divalent cations was unaffected by the accompanying anionic species (Table IV) .
The effect of magnesium concentration on the K+-stimulated ATPase is shown in Figure 1 . The ATPase activity (measured in the presence of 3 mm ATP) was maximal at 3 mM Mg2+, but the curve demonstrated a rather broad dependency. Thus, the enzyme had a strict requirement for Mg2+, but was not overly affected by its excess. This behavior has been observed with the oat root ATPase (2, 18) and can be contrasted with other plasma membrane enzymes which display a distinct Mg2+ optimum and are greatly influenced by excess Mg2+, relative to ATP (i.e. such as the Neurospora plasma membrane ATPase) (7) . Although it would appear that an ATP:Mg ratio of 1:1 would be optimal for the corn leaf enzyme activity, such an affirmation cannot be conclusively determined from these data.
The K+-stimulated activity was most apparent in the concentration range 0.5 to 20 mm (Fig. 2) . Above this range, the K+ stimulation approached saturation, but saturation was never achieved (Fig. 2) . Although a similarity has been noted between the effects of K+ on ATPase activity and on ion transport (18, 19) , it is not necessary to postulate a distinct requirement for K+ in an ion transport process. Rather, the stimulating effect would also be consistent with a nonspecific salt effect on enzyme conformation similar to the effects of K+ on intracellular enzymes as described by Evans and Sorger (10) . The high cytoplasmic concentration of K+ supports the notion that a high-salt environment is necessary for maintaining optimal enzyme activity. Thus, the plasma membrane ATPase could function as an electrogenic proton pump (14, 26, 28) without requiring the direct transport of K+.
Most plant plasma membrane enzymes are not synergistically stimulated by Na+ and K+ in a manner similar to the animal cell Na+,K+-ATPase (16, 18) . This apparent lack of synergism was confirmed for the corn leaf ATPase (Fig. 3) . The slight decrease in activity at high Na+ reflected the preference of the enzyme for V.
ATP was the preferred substrate for the K+-stimulated component of the plasma membrane ATPase (Table V) . However, while the total activity also reflected this property, nucleoside diphosphates and triphosphates were hydrolyzed at low rates by this enzyme as well. In addition, the hydrolysis of PNP3 at pH 5 figure) . The total concentration of monovalent cations was maintained at 50 mM. K+-stimulated ATPase, then a plot of PNPase activity as a function of pH would indicate whether one or two enzymes were present in the membrane (Fig. 4) . It can be seen that the low pH preference of this activity (pH 4.5) is distinct from the pH 6.5 optimum of the K+-stimulated ATPase (25) root preparations, thus inferring that these activities represented separate enzymes.
A confinement of ATP specificity to the K+-stimulated component has also been observed for barley (23) and corn (19) roots. It was proposed that the nonspecific component may represent contamination by a major organelle membrane (19) . The purity of the plasma membrane fraction isolated from corn leaves in this study (as previously determined [25] ) would argue for the association of this nonspecific component with the plasma membrane. Yet, the nonspecific adherence of a soluble phosphatase to the plasma membrane cannot be completely ruled out.
A plot of ATPase activity as a function of Mg-ATP concentration indicated that both the total activity and the K+-stimulated component were saturated at 3 mm (Fig. 5) . A Hanes-Woolf plot of these data demonstrates that the primary effect of K+ was on the V.. and not on the Km of the enzyme (Fig. 6) . Values for Km of 0.28 and 0.31 mm were obtained for the enzyme in the presence and absence of K', respectively. The kinetic constants were determined by a linear regression analysis of the data in the double reciprocal plot. The results are consistent with the observed effects of K' on many intracellular enzyme reactions (10, 17) , further supporting a nonspecific role for K'.
A Km of 0.28 mM is similar to the kinetic constants obtained for oat (18) and corn (19) roots. The basic kinetic data also agree with the primary effect ofK' in corn and oats on the maximum velocity for ATP hydrolysis in corn and oats.
The plasma membrane ATPase was sensitive to inhibition by (Table VI) or oligomycin (25) . These results were consistent with the inhibition patterns observed for plasma membrane ATPases from corn roots (19) , oat roots (3, 4) and corn coleoptiles (8) . The K+-stimulated component was more sensitive to inhibition than was the total activity (ie. a 25-fold higher concentration of orthovanadate was required for 50%o inhibition of the total activity than for the K+-stimulated component (Fig. 7) . If the K+-stimulated ATPase activity thus far described represents a single enzyme, then the different vanadate sensitivities suggest that K+ was being prevented from interacting with the ATPase.
We observed that high concentrations of inhibitors (Fig. 7) did not result in the complete inhibition of ATPase activity. This result could indicate that another enzyme which was unaffected by these compounds may be present in the membrane. The presence of a nonspecific phosphatase, as indicated by the hydrolysis of PNP, would support this hypothesis. The diterpene glucoside fusicoccin has been demonstrated to stimulate a H+/K+ exchange at the plasma membrane level, possibly mediated through an ATPase (22) . Two recent studies (5, 20) have reported the enhancement of cation-stimulated ATPase activity by FC in vitro. However, FC was ineffective in stimulating the ATPase activity associated with corn leaf mesophyll protoplast membranes (Table VI) .
We observed that both the K+-stimulated component and the total ATPase activity varied from one experiment to the next. A possible explanation for this variability would be the presence of proteases in the crude homogenate. These enzymes could have undesirable effects on the membrane-bound ATPase. The addition of protease inhibitors (i.e. PMSF) or excess protein (i.e. 10 mg/ml BSA) was ineffective in eliminating the ATPase irregularities.
An alternative approach postulated that the action of proteases might result in the liberation ofa regulatory subunit. We presumed that this subunit might function in an analogous way to the Esubunit of the chloroplast coupling factor ATPase (24) . Figure 8 shows the effect of trypsin treatment on the plasma membrane ATPase and the mitochondrial ATPase. All attempts resulted in the inhibition of the plasma membrane ATPase and activation of the mitochondrial ATPase.
In summary, corn leaf plasma membranes contain a cationstimulated ATPase with similar biochemical properties to other plant plasma membrane ATPases. The enzyme activity can be used as a reliable qualitative marker for most plasma membrane fractions isolated. A single determination of K+ stimulation at pH 6.5 is not an accurate indication of plasma membrane ATPase activity. Rather, a more detailed characterization is necessary, including a full pH curve, substrate specificity, stimulation by mono-and divalent cations, as well as sensitivity to mitochondrial Plant Physiol. Vol 68, 1981 and plasma membrane ATPase inhibitors. This study proposes that a determination of nonspecific phosphatase activity is an important part of the characterization process since this activity can contribute significantly to K+-ATPase activity.
The role of potassium in ATPase activity, whether it is required directly for the ion transport function of the enzyme and/or the maintenance of an optimal enzyme conformation will be determined only after successful ion transport studies with isolated vesicles or the reconstituted enzyme have been completed.
